Bose-Einstein condensation in a circular waveguide 
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We have produced Bose-Einstein condensates in a ring-shaped magnetic waveguide. The few- 
millimeter diameter non-zero bias ring is formed from a time-averaged quadrupole ring. Condensates 
which propagate around the ring make several revolutions within the time it takes for them to expand 
to fill the ring. The ring shape is ideally suited for studies of vorticity in a multiply-connected 
geometry and is promising as a rotation sensor. 



Scalar superfluids are characterized by a complex order 
parameter Vf'(r) which is uniquely defined throughout the 
fluid. This implies the irrotational motion of the fluid in 
the space where ^(r) ^ 0, leading to the Meissner effect 
in charged superfluids and to the Hess-Fairbank effect in 
neutral ones. Given this constraint, rotational motion 
of superfluids (or magnetic flux density in type-II super- 
conductors) is accommodated by lines of quantized vor- 
ticity which disrupt the simple connectivity of the fluid. 
Multiple connectivity can also be imposed by the proper 
design of containers for the fluids. Such geometries are 
enlisted to translate phase variations of ^(r) into sen- 
sors of external fields. For example, a SQUID magne- 
tometer makes use of a superconducting ring interrupted 
by Josephson junctions to allow continuous sensitivity to 
magnetic fields. A similar geometry was used in a super- 
fluid 3 He gyroscope 

Dilute gas superfluids enable novel forms of matter- 
wave interferometry. Precise sensors of rotation, accel- 
eration, and other sources of quantal phases 0, 01 us- 
ing trapped or guided atoms have been envisioned. In 
particular, the sensitivity of atom-interferometric gyro- 
scopes is proportional to the area enclosed by the closed 
loop around which atoms are guided 4]. Such consid- 
erations motivate the development of closed-loop atom 
waveguides which enclose a sizeable area. 

A number of multiply-connected trapping geometries 
for cold atoms have been discussed. Optical traps usin 
high-order Gauss-Laguerre beams were proposed [f| 
and hollow light beams were used to trap non-degenerate 
atoms in an array of small-radius rings Q. Large-scale 
magnetic "storage rings" were developed for cold neu- 
trons 8] and discussed for atomic hydrogen 0- More 
recently, closed-loop magnetic waveguides were demon- 
strated for laser cooled atoms HHtUl- Unfortunately, 
these guides are characterized by large variations in the 
potential energy along the waveguide and by high trans- 
mission losses at points where the magnetic field vanishes. 

In this Letter, we report the creation of a smooth, sta- 
ble circular waveguide for ultracold atoms. A simple ar- 
rangement of coaxial electromagnetic coils was used to 
produce a static ring-shaped magnetic trap, which we call 
the quadrupole ring (Qring), in which strong transverse 
confinement is provided by a two-dimensional quadrupole 
field. Atoms trapped in the Qring experience large Majo- 
rana losses, but we can eliminate such losses with a time- 



orbiting ring trap (TORT) [T^]- In this manner, stable 
circular waveguides with diameters ranging from 1.2 to 
3 mm were produced. Finally, we report on the produc- 
tion of Bose-Einstein condensates (BECs) in a portion 
of the circular waveguide, and on the guiding of an ul- 
tracold atomic beam for several revolutions around the 
guide. This ring-shaped trap presents opportunities for 
studies of BECs which are homogeneous in one dimension 
and therefore of the unterminated propagation of sound 
waves 113 and solitons 

El 13 El, of persistent currents 
[T7I. llSL ligL l20j| . of quantum gases in low dimensions, and 
of matter-wave interferometry. 

To explain the origin of the quadrupole ring trap, we 
consider a cylindrically-symmetric static magnetic field 
B c in a source-free region. Expanding B c to low order 
about a point (taken as the origin) on the axis where the 
field magnitude has a local quadratic minimum, we have 



B c = B z 
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where Bq > is the field magnitude at the origin, _B" 
the axial field curvature, and with cartesian coordinates 
(x,y,z) chosen so that z is the axial coordinate. The 
magnetic field magnitude falls to zero in the x-y plane 
along a circle of radius pa = 2 y/B$ / B" centered at the 
origin. This is the Qring, a ring-shaped magnetic trap 
for weak-field seeking atoms. Near the field zeros, the 
magnetic field has the form of a transverse (radial and 
axial directions) two-dimensional quadrupole field with 
gradient B' = ^BoB". Such traps can also be obtained 
using different electromagnet configurations |12|. 

In our apparatus, the Qring is formed using a subset 
of the coils (the curvature and anti-bias coils, see Fig. 
used in our recently demonstrated millimeter-scale Ioffc- 
Pritchard magnetic trap |2lj| . Our work is aided in par- 
ticular by the large axial curvatures produced in this trap 
and by the vertical orientation of the trap axis. These fea- 
tures are relevant for the operation of a Qring in the pres- 
ence of gravity, for two reasons. First, trapping atoms in 
the Qring requires transverse confinement sufficient to 
overcome the force of gravity; this places a lower bound 
on the radius of the Qring of po > p m i n ~2mg /\[J,\B" with 
m the atomic mass, g the acceleration due to gravity, and 
pi the atomic magnetic moment. Indeed, if p m in exceeds 
the range over which Eq.^is valid, typically the distance 
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FIG. 1: Forming a circular magnetic waveguide, (a) Four 
coaxial circular electromagnets (see pH for details) are used 
to generate both the static (currents as shown) and rotating 
fields needed for the waveguide. Axes are indicated; gravity 
points along — z. (b) As shown schematically, the field (ar- 
rows) from just the two outer coils (curvature coils, colored 
red) points axially in the midplane between the coils, with 
largest fields at the axis, (c) Adding a uniform opposing bias 
field (using anti-bias coils, colored blue) produces a ring of 
field zeros (X) in the x-y plane about which weak-field seek- 
ing atoms (shaded region) are trapped, (d) Rapidly rotating 
the field zeros around the trapped atoms produces the TORT. 



to the field-producing coils, the formation of a Qring may 
be precluded entirely. With B" = 5300 G/cm 2 in our 
experiments, p m in — 115 /im is much smaller than the 
millimeter dimensions of the electromagnets used for the 
trap. Second, the vertical orientation of the Qring axis 
allows cold atoms to move slowly along the nearly hor- 
izontal waveguide rather than being confined in a deep 
gravitational well. 

Atoms can be localized to a particular portion of the 
Qring by application of a uniform sideways (in the x-y 
plane) magnetic field; e.g. a weak bias field B s x tilts the 
Qring by Az/p = {B s /B')/p about the y axis. This 
adjustment also adds an azimuthal field of magnitude 
.B s |sin</>|, splitting the Qring into two trap minima at 
opposite sides of the ring, with <f> being the azimuthal 
angle conventionally defined. 

We loaded cold atoms into the Qring using a procedure 
similar to previous work 21]. Briefly, about 2 x 10 9 87 Rb 
atoms in the \F — l,m,F = —1) hyperfme ground state 
were loaded into one of two adjacent spherical quadrupole 
magnetic traps. Using these traps, atoms were trans- 
ported 3 inches from the loading region to the Qring trap 
region. During this transport, RF evaporative cooling 
was applied, yielding 2.5 x 10 7 atoms at a temperature of 
60 [IK in a spherical quadrupole trap with an axial field 
gradient of 200 G/cm. Within 1 s, we then converted 
the spherical quadrupole to a tilted-Qring trap produced 
with B" = 5300 G/cm 2 , B = 22 G, and a side field of 
magnitude B s = 9.2 G. This process left 2 x 10 7 atoms 
trapped in the Qring (Fig.|2J|. 

The trapping lifetime of atoms in the Qring is limited 
by Majorana losses. In a balanced Qring, trapped atoms 
passing close to the line of zero field, which extends all 
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FIG. 2: Atoms in a ring-shaped magnetic trap. Shown are 
top (a-f) and side (g-i) absorption images of ultracold 87 Rb 
clouds in either a Qring (a-c) or TORT (d-i) with applied 
side field B s = 9.2 (left), (middle) and -2.5 G (right column) 
respectively in the x direction. Images were taken 2 ms after 
turning off the traps. The applied field tilts the Qring or 
TORT and favors atomic population in one side or another 
of the trap. For B s ~ 0, the trap lies nearly in the horizontal 
plane and its azimuthal potential variation is minimized. For 
the Qring, B = 22 G; for the TORT, B = 20 G and B rot = 
17 G; and B" = 5300 G/cm 2 for both. The temperature of 
trapped atoms is 90 /jK in the Qring, and 10 fiK in the TORT. 
On-resonance absorption ranges from (blue) to > 80% (red). 



around the ring, may flip their spins and be expelled 
from the trap. Extending the treatment by Petrich et al. 
|22j to this scenario, we estimate a Majorana loss rate of 

7rm^/ 4 (fc^rW 3 = 6s _1 for our trap at a temperature of 
60 ^K. In a tilted Qring, the zero-field region is reduced 
to just two points at opposite sides of the ring. Majo- 
rana losses in a tilted Qring are thus similar to those in 
spherical quadrupole traps and much smaller than in a 
balanced Qring. We confirmed this qualitative behaviour 
by measuring the lifetime of trapped atoms in balanced 
and tilted Qring traps. In the balanced Qring, the mea- 
sured 0.3 s _1 Majorana loss rate was thrice that in a 
tilted Qring, while falling far short of the predicted 6 s _1 
loss rate, presumably due to residual azimuthal fields. 

The high loss rates in the Qring can be mended in a 
manner similar to the time-orbiting potential (TOP) trap 
by which Majorana losses in a spherical quadrupole field 
were overcome j^. As proposed by Arnold |l2j . a time- 
orbiting ring trap (TORT) with non-zero bias field can be 
formed by displacing the ring of field zeros away from and 
then rapidly rotating it around the trapped atoms (Fig. 
nic)). From Eq.^ the Qring can be displaced radially by 
application of an axial bias field, and displaced along z 
by a cylindrically-symmetric spherical quadrupole field. 
The TORT provides transverse quadratic confinement 
with an effective field curvature of B" e g — B' 2 /2B rot , 
where B rot is the magnitude of the rotating field seen 
at the trap minimum. Just as the TOP trap depth is 
limited by the "circle of death," the TORT trap depth 
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FIG. 3: Elimination of Majorana losses in the TORT. The 
measured number of trapped atoms in a Qring (open circles) 
or TORT (filled circles) trap is shown vs. residence time in 
the trap. Exponential fits indicate a 3 s Majorana-loss-limited 
lifetime in the Qring. In the TORT, following an initial (30 
s) loss of atoms due to evaporation, a vacuum limited lifetime 
of 90 s was observed. Settings for Bo, B" and B 

rot are as in 

Fig. |21 B s ~ 0, and the initial temperature is 60 /iK. 

is limited by a "torus of death," the locus of points at 
which the magnetic field is zero at some time |23J . This 
scheme may be applied equally to a tilted Qring, yield- 
ing a tilted TORT and providing a stable trap in which 
atoms are confined to a portion of the ring. The sideways 
magnetic field (e.g. along x) causes the magnetic poten- 
tial minimum to vary azimuthally in the tilted TORT as 

1 /2 

\n\ (Bf ot + B 2 S sin 2 4>) ■ The variation in the gravita- 
tional potential is the same as that in a Qring. 

The time- varying fields needed to convert our Qring (or 
tilted Qring) traps to TORT (or tilted TORT) traps were 
obtained by suitably modulating the currents in the four 
coils used to generate the Qring potential. A modulation 
frequency of 5 kHz was chosen to be much larger than 
the transverse motional frequencies (< 100 Hz) and also 
much smaller than the Larmor frequency (> 3 MHz) at 
the location of the trap minimum. To first switch on the 
TORT, a rotating field magnitude of B rot — 18 G was 
used 0. 

As shown in Fig. [3J the trap lifetime was dramatically 
increased by application of the TORT trap. In the first 
few seconds after switching on the TORT, we observed a 
fast loss of atoms and a simultaneous drop in their tem- 
perature. We ascribe this loss and cooling to the evapora- 
tion of atoms from the trapped cloud through the "torus 
of death." As the temperature dropped, the evaporation 
rate diminished and lifetime of trapped atoms became 
vacuum limited at 90 s, a value observed both for bal- 
anced and for tilted TORT traps. 

Given their longevity, it is possible to evaporatively 
cool TORT-trapped atoms to the point of quantum de- 
generacy. Using a tilted TORT with B s ~ 9 G, evap- 
oration was performed in two stages. First, "torus of 
death" evaporation was applied by ramping down the 
rotating field strength B rot over 40 s to 4.8 G. The os- 
cillation frequencies in this trap were measured as uj± = 
27rx (87, 74.5) Hz in the transverse and ujj, = 27rx35 Hz in 
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FIG. 4: Circular motion of a quantum degenerate atomic 
beam in a waveguide. A Bose-Einstein condensate was 
launched into a balanced TORT and allowed to propagate, 
(a) Top view in-trap absorption image during the propaga- 
tion. The mean azimuthal position of the BEC measured 
from such images is shown in (b). Annular portions (indi- 
cated by dashed circles) of top-view images taken at different 
guiding times are shown in (c) displayed in polar coordinates 
(radius vs. azimuthal angle). The beam advances at an an- 
gular velocity of 40.5 rad/s while expanding due to an rms 
azimuthal velocity spread of 1.4 mm/s. After 1 s, the beam 
expands so as to fill the entire guide. 



the azimuthal directions, in agreement with predictions 
PH . In the second stage, RF evaporation was applied for 
20 s, yielding clouds of up to 6 x 10 5 atoms at the Bose- 
Einstein condensation temperature, and pure BECs of up 
to 3 x 10 5 atoms. 

Finally, to assess the suitability of the TORT as an 
atomic waveguide for interferometry, we launched our 
trapped BECs into closed-loop circular motion along the 
guide. This was accomplished by reorienting the side- 
ways bias field B s , inducing the trapped BEC to acceler- 
ate toward the newly-positioned tilted TORT trap min- 
imum (advanced by an azimuthal angle of about 7r/4), 
while simultaneously reducing the magnitude of B s to 
B s ~ and increasing B rot to 12.6 G to produce a well- 
balanced TORT trap. The TORT was then maintained 
at this setting, with radius po — 1.25 mm (Bq — 20 G, 
B" = 5300 G/cm 2 ), and transverse trap frequencies of 
luj_ ~ 2ir x 50 Hz as measured at the launch-point of 
the atoms. The atoms were allowed to propagate freely 
around the guide for various guiding times before being 
observed by absorption imaging. As shown in Fig. 0] 
the ultracold atomic beam propagated around the circu- 
lar waveguide at an angular (linear) velocity of 40.5 rad/s 
(50.6 mm/s). As measured from the the azimuthal extent 
of the atoms for different guiding times, this pulsed atom 
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beam was characterized by an azimuthal rms velocity 
spread of 1.4 mm/s, equivalent to a longitudinal temper- 
ature of 22 nK. After about 1 s of guiding, this velocity 
variation caused the atomic cloud to spread throughout 
the waveguide, by which point the atoms had travelled 
L = 51 mm along the waveguide, encompassing an area 
of A = Lp /2 = 32 mm 2 . 

Many requisite elements for interferometric rotation 
sensing are still lacking in our system, includin g a means 
of in-guide coherent atomic beam splitting |26l l27j , bidi- 
rectional propagation, proper radial waveguiding 28], 
full characterization of longitudinal coherence in the 
beam, an assessment of the influence of the time-orbiting 
field on sensor precision, and atom-interferometric stabil- 
ity. Nevertheless, it is valuable to consider the possible 
sensitivity of our system if these elements are attained. 
As limited by atomic shot-noise, rotation measurements 
with an uncertainty of AQ = (h/4mA)N~ 1/2 - 1 x 1CT 8 
rad/s could be made from a single (Is long) measure- 
ment, where JVq=3x 10 5 is the number of atoms used. 
While this figure is nearly 20 times that of existing atom- 
based gyroscopes Q , improvements such as launching the 
atoms at higher velocities, increasing the TORT radius, 
and increasing the atom number may ultimately yield a 
useful, compact sensing device. 

Other applications of the TORT may include stud- 
ies of propagation pjj . l30l l3lj and non-linear dynamics 
[32l] in atomic waveguides. In a TORT potential which 



is modified either by application of magnetic fields or 
by tilting with respect to gravity, BEC's can be stud- 
ied both undergoing pendular motion (terminated guide) 
when launched at small velocities, and undergoing circu- 
lar motion (unterminated guide) at larger velocities. 

Another appealing possibility is the study of BECs 
which fill the ring-shaped trap, rather than forming 
in just a portion of the ring. Such a system would 
allow for studies of quantized and persistent circula- 
tion J3J3> H3j unterminated motion of solitons 
Fill Il5l Il6|. and other aspects of non-linear dynamics 
|33| . For this purpose, the azimuthal variation in the 
TORT potential must be reduced below the typical ^100 
nK scale of the BEC chemical potential. From measure- 
ments of the kinetic energy of BEC's undergoing cir- 
cular motion in our trap (data of Fig. |3j|, we estimate 
the TORT potential varied by as much as 5 /jK. We be- 
lieve this figure can be reduced greatly by using traps of 
smaller radius, by designing better electromagnets both 
for the static and the rotating fields used for the TORT, 
and also by controlling the orientation of the electromag- 
nets with respect to gravity. 
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